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Abstract. We undertake a comparison of observed Algo-type binaries
with a library of computed Case A binary evolution tracks. The library
consists of 5500 binary tracks with various values of initial primary mass
Mg, mass ratio qg, and period Py, designed to sample the phase-space
of Case A binaries in the range —0.10 < log M9 < 1.7. Each binary
is evolved using a standard code with the assumption that both total
mass and orbital angular momentum are conserved. This code follows
the evolution of both stars until the point where contact or reverse mass
transfer occurs. The resulting binary tracks show a rich variety of be-
haviour which we sort into several subclasses of Case A and Case B. We
present the results of this classification, the final mass ratio and the frac-
tion of time spent in Roche Lobe overflow for each binary system. The
conservative assumption under which we created this library is expected
to hold for a broad range of binaries, where both components have spec-
tra in the range G0 to B1 and luminosity class III - V. We gather a list of
relatively well-determined observed hot Algol-type binaries meeting this
criterion, as well as a list of cooler Algol-type binaries where we expect
significant dynamo-driven mass loss and angular momentum loss. We
fit each observed binary to our library of tracks using a x2-minimizing
procedure. We find that the hot Algols display overall acceptable x?,
confirming the conservative assumption, while the cool Algols show much
less acceptable x? suggesting the need for more free parameters, such as
mass and angular momentum loss.

1. Introduction

Many binary stars are observed to be undergoing Roche-lobe overflow (RLOF),
which is recognised as being a natural response to the fact that, for a binary
of given separation, there is a critical maximum radius, the Roche-lobe radius,
that a star cannot exceed without losing mass to its companion. There are many
sub-types of stars undergoing RLOF, but we concentrate here on those which,
like the prototype Algol, consist of (i) a lobe-filling, mass-losing star that is
substantially above the main sequence, and (ii) a component which underfills its
Roche lobe, and is usually nearer to, though still larger than, the main sequence.
We concentrate on those (Case A) with short initial periods, the lower and upper
period depending on the primary mass.
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2 Nelson & Eggleton

It is not difficult to evolve theoretically pairs of stars with a given initial
primary mass Mg, initial mass ratio gg and initial orbital period Py, and follow
them into, and beyond, the stage of RLOF. However, such evolution is certainly
affected by assumptions regarding both mass loss and angular momentum loss
from the system as a whole. As a zero-order model it is commonly supposed
that both total mass and orbital angular momentum are conserved, and we have
computed conservative evolution for a large number of binary initial parameters:
37 x 10 x 15 models with various Mg, go and Py. Most of the periods considered
are appropriate to Case A, but some correspond to Case B.

There is plenty of evidence, both direct and indirect, that mass loss and/or
angular momentum loss takes place in at least some systems. If mass escapes
from the system as stellar wind, then it will also carry angular momentum away.
Mass loss is observed fairly directly both in cool stars, where it appears to be
driven by dynamo activity in their convective envelopes, and in hot stars, where
radiation pressure in spectral lines may be the main driving force. Mass loss
is also clearly evident in many stars of supergiant luminosity, across the whole
range of spectral types; but we do not consider supergiants here. However
there is a broad range of spectra, from about GO to perhaps B1 and luminosity
class III — V, where there is rather little evidence of significant mass loss, and
where the conservative assumption may therefore be reasonable. We test this by
comparing a selection of observed ‘hot Algols’ (having both spectra in this range)
with theoretical conservative models, using a x? test. We find a reasonable
agreement, especially if we exclude one system which is near the extreme of
this temperature range. Comparing the same conservative models against some
observed ‘cool Algols’ we find, as we expect, that the agreement is much poorer.

We have used a massively-parallel array, the Compaq Teracluster 2000 at
LLNL, to evolve our data cube of models. This data cube covers the following
ranges of initial primary mass Mg (in solar units), initial mass ratio, defined by

=—>1 1
q0 M > 1, (1)
and initial period Py:
log(Mi9/Mg) = —0.10,—0.05,...,1.7 , (2)
log go = 0.05,0.10,...,0.5 , (3)
log(Po/Pzams) = 0.05,0.1,...,0.75 . (4)

Here Pz s, a function of Mg, is the period at which the initially more massive
component would just fill its Roche lobe on the zero-age main sequence. We used
the approximation

0.19M10/M@ + 0-47(M10/M®)2.33
1+ 1.18(M1o/Mg)?

Pzams ~ days. (5)
These initial periods cover Case A and a small part of Case B.
To evolve our theoretical binaries, we used the stellar evolution code most
recently described by Pols et al. (1995), based on the code of Eggleton (1971),
Eggleton (1972), Eggleton, Faulkner & Flannery (1973). For a full discussion
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of the assumptions, input physics and stop-conditions we refer the reader to
Nelson & Eggleton (2000). We mention briefly that the evolution of a binary
system was terminated when a) the age of the system exceeded 20 Gyr, b) the
carbon-burning luminosity exceeded 1 L), indicating a supernova explosion was
imminent, c) the radius of 1 exceeded the Roche-lobe radius by more then 10%,
d) *2 reaced RLOF, or, finally, e) the code failed to converge.

In §2 we attempt to classify the results into a small number of sub-categories
of Case A (and some analogues in Case B). In §3 we discuss our attempts to
fit several observed semidetached systems (Algols) with the theoretical models.
We give our conclusions in §4.

We emphasise that throughout this paper we use suffixes 1 and 2 consis-
tently to refer to the components with the greater and smaller initial mass
respectively. This may seem unfortunate since observers normally call the cur-
rently hotter (and normally more massive) component the ‘primary’, at least in
Algol systems. This component is the descendant of the originally less massive
star. We do not think it would be helpful to interchange the suffices at the
points in evolution where the ordering of the temperatures changes.

2. Classification of Types of Evolution

We define here the six major subtypes of Case A evolution identified by Eggleton
(2000), cases AD, AR, AS, AE, AL, AN. In addition, we define two rather more
rare cases, AG and AB. Three of these subtypes (AD, AR, AS) lead to contact
while both components are on the main sequence (MS). Two cases (AE, AG)
reach contact with one or both components evolved past the terminal MS. After
the initial episode of mass transfer from *1 to %2, the remaining three cases
experience a period of separation followed either by reverse mass transfer at
very small ¢ (AB, AL) or the supernova of x1 (AN). Specifically, the six cases,
are:

e AD — dynamic RLOF: this occurs in binaries with large ¢¢ and in binaries
where the mass losing star (x1) has a deep convective envelope. Once
RLOF begins, mass transfer quickly accelerates to the dynamic timescale
of %1 which we assume to be less than a tenth of the thermal timescale.

e AR - rapid evolution to contact: this occurs in binaries with moderate to
large qo. In these cases *2 expands so rapidly in response to the onset of
*1’s thermal-timescale RLOF that it fills its own Roche lobe before much
mass is transferred. This probably leads to a contact binary of the W
UMa type, although it can happen as easily for massive stars (provided g
is suitably large) as for the lower masses of typical W UMa systems. Case
AR behaviour is illustrated in Figure 1.

e AS — slow evolution to contact: this occurs in binaries with small gy and
small Py. These binaries experience a short burst of thermal timescale
mass transfer, followed by a long phase of nuclear timescale mass transfer,
during which much mass is exchanged. The two stars come into contact
slowly, but reach contact before either star has left the MS. The large
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Figure 1. Case AR (left panel) and Case AS (right panel). In the
top panels of this figure, and in Figures 2-3, we show the evolution
of both stars in an HR diagram. The track for %1 is always the ini-
tially more luminous, *2 the initially less luminous. Solid lines indicate
periods where the binary is separated, dashed lines indicate periods
where x1 is transferring mass to *2. We mark any transitions to the
Hertzsprung Gap as H, and transitions to the Giant Branch as G.
The bottom panel shows the mass transfer rate in logarithmic units of
Mg /yr for the period in time during which mass transfer occurs. The
case AR binary has initial parameters log M19 = 0.45, logqo = 0.15
and log Py/Pzams = 0.10. The mass transfer rate rises rapidly to the
thermal timescale and the two stars come into contact with a final mass
ratio log g = 0.11, still well above unity. The initial parameters of the
Case AS binary are identical except that log Py/Pzams = 0.20. In this
case, contact is avoided during the period of thermal scale mass trans-
fer and a long period of nuclear timescale mass transfer follows. The
run ends in contact with a final mass ratio, log ¢ = —0.27.
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amount of mass transfer leads to a final mass ratio substantially below
unity (typically ¢ ~ 0.4 — 0.6), and with both stars substantially larger
than their ZAMS radii. Case AS behaviour is illustrated in Figure 1. We
note that while %2 always remains near the main-sequence band, *1 evolves
to substantially cooler temperatures. This is a common configuration in
observed Algol systems.

e AE - early overtaking: this occurs in binaries with ¢g near unity and
moderate Pp. It occurs only in binaries with initial masses 2Mg < M1 g
10Mg. The mass transfer in this case is very similar to case AS. In case
AE, however, 2 gains so much mass that its evolution is accelerated to
the extent that *2 reaches the Hertzsprung Gap, HG, while 1 is still on
the MS; the evolution of the initially less massive star, *2, has overtaken
that of *x1. We define the overtaking as early because it occurs with *1
still on the MS. Case AE behaviour is illustrated in Figure 2.

In most cases where contact is avoided while *1 is on the MS, *1 loses so
much mass that it eventually shrinks inside its RL leaving only a compact core.
A period of separation ensues which may then be followed by further RLOF of
x1 or *2. These are the cases AL, AB and AN, described in more detail below.
However, in our lower mass binaries (M9 < 1.6Mg) we see a few cases where
contact is avoided while *1 is on the MS, but reached later on.

e AG - contact on giant branch: this occurs for My < 1.6 Mg, and Py larger
then those of AS/AE, but smaller then AL/AN. Contact is avoided while
*x1 is on the MS, but occurs when *1 reaches the giant branch, GB. At
time of contact *2 is in the HG or on the GB as well. Case AG behaviour
is illustrated in Figure 2.

Cases AL, AN are distinguished by whether or not *1 supernovas before
x2 reaches RLOF. In practice, we assume a supernovae explosion to be iminent
when *1 begins burning carbon.

o AL - late overtaking: this occurs in binaries with Mg < 13Mg and mod-
erate to large Py. In these binaries, #2 reaches RLOF before 1 begins
burning carbon. In many of the lower-mass AL cases, *1 has become a
low mass remnant (WD or NS) which will never supernovae unless the
(uncomputed) reverse mass transfer results in significant mass gain for 1.
The evolution of *2 has overtaken the evolution of %1 in the sense that the
initially more massive star is now shrunk inside its RL while the initially
less massive star is undergoing RLOF. The overtaking is late because it
occurs with *1 past the MS. Case AL behaviour is illustrated in Figure 3.

e AN - no overtaking: this occurs in higher mass binaries with moderate
to large Py. In these binaries *1 reaches carbon burning, indicating an
imminent supernova, before *2 has reached RLOF. Case AN behaviour is
illustrated in Figure 3.

In addition, we include one more class: the classic Case AB. In our context
this is a subclass of case AL, where x1, after becoming a compact helium core
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Figure 2. Case AE (left) and Case AG (right). The initial param-
eters of the case AE binary are log M1y = 0.45, loggqy = 0.05 and
log Py/Pzams = 0.45. %2 gains so much mass that it reaches the HG
first. The initial parameters of the case AG binary are log M9 = 0.50,
log go = 0.10 and log Py/Pzams = 0.55.
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Figure 3. Case AL (left) and Case AN (right). The initial param-
eters of the Case AL binary are log M19g = 0.75, loggy = 0.05 and
log Py/Pzams = 0.60. 1 loses so much mass it shrinks inside its RL
and becomes a low mass helium burning core. The run ends as *2
crosses the HG and fills its RL at a very low mass ratio, logqg = —1.07.
The initial parameters of the Case AN binary are log M9 = 1.15,
loggo = 0.05 and log Py/Pzams = 0.45. After two periods of mass
transfer, *1 becomes a helium star of mass log M7 = 0.48. As *2 evolves
towards the terminal MS, %1 ignites carbon in the core, suggesting an
imminent supernova explosion.
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with a mass of ~ 1 — 2M, expands again and experiences a further period of
RLOF.

e AB - this occurs in binaries with 6 Mg < Mg < 11Mg, at small mass
ratios and in a narrow range of periods between cases AL and AN. During
the second burst of mass transfer, %1 ignites helium. It shrinks inside its
RL for awhile, becoming a compact helium star. It then expands again and
experiences a third period of mass transfer. Although these binaries often
fail to converge at some point during this third period of mass transfer,
we suspect that it is followed by a period of separation and then reverse
mass transfer, making this a subclass of AL rather then AN.

A plot showing which elements of our data cube reached which outcome
may be found in Figure 9 of Nelson & Eggleton (2000). Some of the systems of
longer Py are Case B rather than Case A. These are usually analogous to either
AD, AR, AL or AN. Case BD is effectively the classical Late Case B, where
x1 reaches the giant branch and acquires a deep convective envelope before
RLOF begins; however it can also be an extreme initial mass ratio rather than
a convective envelope which triggers dynamic mass transfer. Case B systems, or
at least those which we have computed here, normally have fewer options than
Case A because it is difficult for #2 to catch up with *1 when *1 has already
reached the terminal main sequence before RLOF. However, as emphasised by
De Greve (1990), it is possible for early Case B systems to show what we call
here Case BL for late overtaking, with *2 evolving to fill its own Roche lobe
while %1 has shrunk inside its own.

Further properties of our data cube including (i) the final mass ratio of each
system and (ii) the fraction of time spent as a semidetached system have been
illustrated and may also be found in Nelson & Eggleton (2000).

3. Comparison with Observed Systems

Many observed binaries are semidetached (Algols), and one might hope that they
could be matched by some of the above theoretical models during their stage of
RLOF. A significant study of this kind was conducted by De Greve (1993) in
which non-conservative Case B binaries were fit to observed Algol systems.

We feel that although the kind of non-conservation modeled by De Greve
(1993) may perhaps be appropriate for massive stars (O, and even early B),
where radiation pressure may be an important agent in mass loss, it is not
appropriate for mid-main sequence stars where, at least in single stars, very little
mass loss is normally observed. At the other end of the main sequence, stellar
winds are rather commonly observed, particularly in rapidly rotating G/K/M
dwarfs (and even more so in giants). These winds probably do not carry off much
mass (although see later), but they may be rich in angular momentum because
of magnetic linkage to the parent star. We therefore think that conservative
models may be reasonable for systems which are in the middle of the main
sequence initially (say B1 to GO0), and where the loser has not yet evolved to
the red-giant region at spectra type ~G or later. Following Popper (1980) we
refer to these systems as ‘hot Algols’. Unfortunately rather few of the Maxted
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& Hilditch (1993) selection qualify as hot Algols in this sense, although two
(U CrB and AF Gem) are on the border, with the cooler component having
spectral type ~G0. We have therefore included a few more from the literature.
Our selection of hot Algols is listed in Table 2, with references.

The observed parameters which we attempt to fit with our theoretical mod-
els are the six independent quantities log P, log M1, loggq, log Ry, logT; and
log T5. R; is not independent of these, since it is obtained from the assumption
that *1 fills its Roche lobe, whose radius is determined by the first 3 parameters.
Ly and Ly are similarly not independent of these 6 parameters. Our theoretical
models have four independent parameters, log Py, log M1y, log gp and age.

For each system in Tables 2 and 3 we give three rows. The first gives the
observational data from the literature, and the next the theoretical values from
our data cube which minimize 2. The second row also includes the best-fit age,
in units of Myr. The third row gives the zero-age values for the system which we
infer from our best fit. We use mass-ratio ¢ because this is usually obtained more
directly from the observational data, whether spectroscopic or photometric, than
either M; or M,. We list observational errors (when available) in the first row
for all quantities, but we list total errors (described below) in the second row
only for those quantities that we actually fit.

In fitting observed stars to theoretical models, a x? test seems appropriate.
However, we have to modify the standard test in order to incorporate the fact
that our theoretical models have an intrinsic ‘graininess’ because they have not
been computed for a continuous range of input parameters, but only at the
grid-points in our data cube. We therefore use a total error, o, which is the
sum in quadrature of the observational error, o.,s, and a ‘theoretical error’,
Oth, representing the intrinsic graininess. For log P, log M and logq we take
otn = 0.05, the initial spacing of our grid. For log R and logT we take the
graininess to be the difference in these parameters between adjacent ZAMS
models from the grid, centered on the mass of the observed binary. For example,
for an observed star of mass log M = 1.02 we take the theoretical error in the
radius to be

oth,R(log M = 1.02) = Rzams(log M = 1.05) — Rzams(log M = 1.00) .  (6)

We can then look in our data cube for the minimum value of
X’=>

We find that the best fit point picked by minimizing this x? is insensitive to the
exact definition of o,. However, the magnitude of x2. depends directly on o,
so we have attempted a reasonable definition.

The hot Algols of Table 2 have a mean x? of ~ 3. Since there are 2 degrees
of freedom (6 observed parameters less 4 theoretical parameters), this value is
rather more, but not enormously more, than is expected for a normal distribution
of errors. The number of systems which we use is too small to provide a really
convincing confirmation or refutation. The worst case, AF Gem, is very close to
the lower temperature limit, where we suppose a priori that conservation might
break down. If we reject AF Gem, we have a mean x? of just 2.

(obs — th)?
Tops + 01

(7)
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When we turn to a selection of cooler Algols (Table 3) we find significantly
larger x? for many systems. This, we believe, is consistent with the view that
they are less conservative, certainly of angular momentum (which is fairly read-
ily removed by magnetic braking on something like a nuclear timescale), and
perhaps also of mass. We do not normally think of stellar winds from cool
dwarfs and subgiants as being strong enough to remove significant mass, and
yet certain active (RS CVn) binaries show evidence to the contrary. Both Z
Her Popper (1988) and to a lesser extent RW UMa (Popper 1988; Scaltriti et
al. 1993) exhibit the phenomenon that the cooler, presumably more evolved,
subgiant is the less massive star, despite the fact that it does not fill its Roche
lobe. This suggests that mass loss by wind from the cooler star is already on
the nuclear timescale of the star.

4. Conclusions

Case A RLOF, even when restricted to the classical ‘conservative’ model, shows
a rich variety of behaviour, which we feel is often not emphasised enough. We
identify 9 sub-classes, depending partly on whether the system evolves into con-
tact (in 5 different ways) or reaches reverse RLOF (in 4 different ways). Further
subdivision depends on the evolutionary states reached when contact or reverse
RLOF occurs. We can expect even more subclasses when non-conservative
processes are modeled, as will certainly be necessary for extremes of high-
temperature and low-temperature systems.

For all but one of our selection of observed hot Algols we find an acceptable
x? when fitting the observed parameters to our library of conservative Case
A binary tracks. It is encouraging to note that the worst outlier (AF Gem)
lies near the lower boundary of the temperature range in which we expect the
conservative assumption to hold. The next largest x?’s come from two binaries
with known third bodies (A Tau, DM Per), which may act to remove angular
momentum from the inner orbit.

Our selection of cool Algols shows significantly worse agreement between the
observed systems and the conservative theoretical tracks, suggesting the need
for more free parameters in the modelling, such as mass and angular momentum
loss.

This data set of conservative Case A tracks has uses beyond an indiviual
comparison of observed systems. With an estimate of the initial mass function
and period distribution of binaries, it may be useful for population synthesis
studies or for creating close binary-inclusive isochrones for stellar population
studies. We hope to make these tracks available in early 2001 on the Institute
of Geophysics and Planetary Physics web site http://www.lInl.gov/urp/IGPP.

This work was performed under the auspices of the U.S. Department of
Energy by the University of California, Lawrence Livermore National Laboratory
under contract No. W-7405-Eng-48.
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